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Introduction {#s1}
============

Road, railway, and aircraft transportation all contribute to ubiquitous exposure to noise in urbanized areas, with road traffic being the most predominant source. Noise pollution is an ever increasing concern worldwide, and there is a growing body of literature purporting deleterious long-term health effects of transportation-related noise exposure ([@c3]; [@c46]; [@c75]). Exposure to transportation noise has consistently been linked with cardiovascular disease (CVD) ([@c4]; [@c18]; [@c64]; [@c69]), which is the leading cause of morbidity and mortality worldwide ([@c42]). Furthermore, occupational noise has been linked with hypertension in multiple studies ([@c16]; [@c58]; [@c66]), and contributes to the global burden of disease ([@c22]).

Exposure to traffic noise can induce stress, with activation of the hypothalamic--pituitary--adrenal and sympathetic adrenal medullary axes, followed by the release of stress hormones ([@c2]; [@c52]; [@c54]). A suggested mechanism from noise exposure toward CVD, and more specifically hypertension, may be through autonomic reactions, including increased heart rate, arrhythmia, and increased blood pressure ([@c46]). Exposure to transportation noise can also impact sleep quality and duration, which may disrupt the circadian rhythm and promote oxidative stress, endothelial dysfunction, as well as inflammation ([@c6]; [@c44]). Nighttime noise exposure is suggested to be more relevant for the onset of CVD as compared with daytime exposure ([@c29]), most likely owing to repeated autonomic arousals, which tend to habituate less than cortical arousals ([@c6]). A recent study also showed that simulated nocturnal train noise impaired endothelial function, providing a molecular explanation for increased CVD risk ([@c27]). Current research has generally focused on noise exposure at the most exposed façade. However, many dwellings have a quiet side, which is likely where a bedroom would be located ([@c11]). Because transportation noise impacts sleep, investigating effects of noise exposure at the least exposed façade is important.

Hypertension affects around 40% of adults globally and is responsible for over 9.4 million deaths annually ([@c73]). A number of studies have reported on the associations between traffic noise exposure and hypertension ([@c17]; [@c19]; [@c21]; [@c29]; [@c65]; [@c50]; [@c56]; [@c76]). A meta-analysis from 2012 including 24 studies found a statistically significant association between road traffic noise and hypertension ([@c64]). However, all the studies in the meta-analysis were of cross-sectional design ([@c19]). In 2018, the World Health Organization (WHO) evaluated the literature on transportation noise and hypertension and concluded that the quality of evidence for an association was low to very low because the majority of the studies were of cross-sectional design or relied on self-reported data, and they also concluded that more studies of cohort or case--control design were necessary ([@c65]). Since the WHO evaluation, two prospective studies have been published: a Swedish cohort study that reported no significant association between road traffic noise and incident measured hypertension ([@c50]), and a meta-analysis of seven European cohorts that found a weak association between road traffic noise and self-reported hypertension as well as self-reported intake of blood pressure--lowering medication but no association with measured hypertension ([@c21]). The aim of the present study was to investigate, in a large Danish cohort study, the association between residential road traffic at the most and least exposed façades and register-based information on filled prescriptions for antihypertensives (AHT) as a proxy for incident hypertension.

Methods {#s2}
=======

Study Population {#s2.1}
----------------

This study utilized data collected within the Danish Diet, Cancer and Health cohort study, which is described in detail elsewhere ([@c62]). In short, from 1 December 1993 to 31 May 1997, 160,725 Danish-born citizens 50--64 years of age with no previous cancer diagnosis and living in the greater Copenhagen or Aarhus areas, were invited to participate. In total, 57,053 participants (7% of the Danish population in this age group) were recruited and completed a baseline questionnaire querying various sociodemographic and lifestyle factors, including smoking habits, physical activity, social factors, and health status. In addition, a detailed 192-item food frequency questionnaire was completed, which included fruit, vegetable, and alcohol intake ([@c63]). Height, weight, waist circumference, and other anthropometric measurements were collected by trained staff, according to standardized protocols.

The study was conducted in accordance with the Helsinki Declaration and approved by local ethical committees.

Identification of Outcome {#s2.2}
-------------------------

Information on filled prescriptions for AHT was collected from the Danish National Prescription Registry, which has recorded all filled prescriptions in Denmark since 1995 ([@c36]). This registry contains information on the name and type of drug according to the Anatomic Therapeutic Chemical Classification system (ATC), date of dispensing, and number of defined daily doses dispensed (DDDs). The DDD is the WHO-defined maintenance dose per day for the drug's primary indication in adults. The indication and prescribed daily dose are unavailable in the registry. Using ATC codes C02 ($\alpha 2$ agonists and others), C03 (diuretics), C07 ($\beta\text{-blockers}$), C08 (calcium-channel blockers), and C09 (angiotensin-converting enzyme-inhibitors), we identified participants who filled prescriptions for orally administered AHT. To increase specificity, we counted participants as cases only if they had, within 1 y, filled two or more prescriptions and more than 180 DDDs. In sensitivity analyses, we excluded participants filling prescriptions for diuretics (ATC: C03) because these medications have various indications that could be unrelated to hypertension.

We excluded all participants who filled prescriptions for AHT based on our case definition before start of follow-up (1 July 1997) in order to include only incident cases. Using the national heath registers ([@c43]), we also excluded participants who had been hospitalized with CVD categorized according to the *International Classification of Disease, Eighth Revision* (ICD 8; [@c72]) or the *International Statistical Classification of Diseases and Related Health Problems, Tenth Revision* (ICD-10; [@c74]) (ICD-8, codes 390--458; ICD-10 codes I00--I99) and participants with diabetes \[identified by linkage to the Danish National Diabetes Registry (NDR) ([@c15])\] before 1 July 1997 in order to exclude persons who were most likely prevalent cases because hypertension is often diagnosed concurrently with these diseases ([@c41]; [@c68]).

Exposure Assessment {#s2.3}
-------------------

Complete address histories were collected for each participant from 1 July 1987 to 31 December 2016 from the Danish Civil Registration System ([@c48]). Noise calculations were made in accordance with the Nordic prediction method for road traffic noise using SoundPLAN (version 8.0; SoundPLAN Nord ApS) ([@c9]). In Scandinavia, the Nordic prediction method has been the prevailing noise calculation method for more than a decade ([@c9]). We used the same noise calculation approach of road traffic noise as described previously ([@c60]). The input variables for the noise model included three-dimensional building polygons (linked with address points and information on height), road attributes that consisted of yearly average daily traffic and traffic composition and speed, road type (motorways, rural highways, roads wider than $6\; m$, roads $3–6\; m$, and other roads), noise barriers, embankments, and terrain. Traffic information was gathered from a national road and traffic database that covered the years 1960--2005 ([@c31]). Data from 1995 had the highest level of detail. Therefore, we extrapolated traffic data from the existing traffic database in 1995 to the years 2000, 2005, 2010, and 2015. To extrapolate the traffic data, information on traffic and road lengths were collected from the Danish Road Directorate ([@c1]) and used to calculate a scaling factor for annual average daily traffic individually for motorways and other roads for the years 2000, 2005, 2010, and 2015 ([@c32]). It was assumed that urban areas, roads, and bodies of water were hard surfaces (reflecting) and that other topographies were assumed to be acoustically porous (absorbent).

Noise levels were calculated at the center of all façades of each residence, and the most and least exposed façades of each residence were subsequently identified and extracted. For large apartment complexes and townhouses, there were often several address points present inside the same building polygon. Therefore, buildings with multiple address points were divided into separate building polygons for each address point. Road traffic noise exposure was estimated for each address annually as the equivalent continuous A-weighted sound pressure level ($L_{\text{Aeq}}$) at the most and least exposed façades of each address for $L_{\text{day}}$ (0700--1900 hours), $L_{\text{evening}}$ (1900--2200 hours), $L_{\text{night}}$ (2200--0700 hours), and expressed as $L_{\text{den}}$ (an indicator of overall noise levels during day, evening, and night, by applying a 5-dB penalty for the evening and 10-dB penalty for night).

Ambient concentrations of nitrogen dioxide (${NO}_{2}$) and particulate matter (PM) with an aerodynamic diameter of $\leq 2.5\;\mu m$ (${PM}_{2.5}$) were assessed using the validated Danish multiscale dispersion modeling system, Danish Eulerian Hemispheric Model (DEHM)/Urban Background Model (UBM)/AirGIS, for the same years as exposure to traffic noise for each participant's residence. Details of the DEHM/UBM/AirGIS modeling system have been described in detail elsewhere ([@c30]; [@c35]). In short, it is a high-resolution dispersion modeling system that combines contributions from local, urban, and regional sources of ${PM}_{2.5}$ and ${NO}_{2}$ (and their precursors), which are estimated using a combination of three models, the DEHM ([@c13]), the UBM ([@c12]), and the Operational Street Pollution Model ([@c34]). The DEHM/UBM/AirGIS modeling system has been successfully validated and applied in multiple studies ([@c28]; [@c33]; [@c35]).

Statistical Analysis {#s2.4}
--------------------

Cox proportional hazard models were used to estimate incidence rate ratios (IRRs) and 95% confidence intervals (CIs) for the association between residential road traffic noise exposure and redemption of AHT with age as the underlying timescale. We used left truncation at 1 July 1997 to ensure at least 10 y of exposure history, and end of follow-up (right censoring) at age of redemption of AHT, death, emigration or disappearance, or 31 December 2016, whichever came first.

Exposure to residential road traffic noise was modeled as time-weighted averages for the preceding 1, 5, and 10 y at a given age and accounted for all addresses in the respective periods. Time-weighted average noise levels below 35 dB(A) for road traffic noise were considered unexposed and were set at 35 dB(A) given that background noise from other sources is expected to be of around this magnitude.

IRRs were calculated for filled prescriptions for AHT in association with road traffic noise exposure. Covariates were selected *a priori* and adjustment was conducted in a stepwise process: 1a) age (by design), calendar year, and sex (crude model); 1b) additional adjustment for socioeconomic covariates (at baseline, July 1997) obtained from Statistics Denmark on an individual level: educational level (basic: $\leq 7$ y of education; vocational/medium: 8--12 y of education; higher: $> 12\; y$ of education), disposable income (in tertiles) and cohabitation status (married/registered partnership, and other), as well as area level (parish): proportion of inhabitants with low disposable income (percentage, linear), proportion of inhabitants with only basic education (percentage, linear), and proportion of inhabitants being unemployed (percentage, linear); 1c) additional adjustment for baseline information on smoking status (never, former, current), smoking duration (years, linear), smoking intensity (grams/day, linear), alcohol intake (grams/day, linear), alcohol abstainers (yes/no), sport during leisure time (yes/no), duration of sport during leisure time (hours/week among active, linear), fruit intake (grams/day, linear), and vegetable intake (grams/day, linear); and 2) additional adjustment for time-weighted averages of ${NO}_{2}$ and ${PM}_{2.5}$ ($\text{per }10\,\mu g/m^{3}$, linear).

We explored exposure--response associations for residential road traffic noise and filled prescriptions for AHT by generating eight exposure categories with $< 52$ dB(A) and $< 45$ dB(A) as the reference categories for the most and least exposed façades, respectively, and 3-dB(A) increments (52--55, 55--58, 58--61, 61--64, 64--67, 67--70, and $\geq 70$ for most exposed façade and $< 45$, 45--48, 48--51, 51--54, 54--57, 57--60, 60--63, and $\geq 63$ for the least exposed façade).

To assess potential effect modification of the association between traffic noise exposures and filled AHT prescriptions by sex, age (at event), smoking status, education level, body mass index (BMI), and calendar year, an interaction term was introduced into the model and was tested by the Wald test. Potential combined effects between road traffic noise at the most and least exposed façade were investigated by combining categories of the two exposures (10-y means) into nine categories, using the category of low noise at both façades as reference group.

The assumption of linearity of continuous variables ($L_{\text{den}}$ at the most exposed façade, $L_{\text{den}}$ at the least exposed façade, smoking intensity, smoking duration, alcohol intake, vegetable intake, fruit intake, BMI, duration of physical activity, proportion of inhabitants with low disposable income, proportion of inhabitants with only basic education, proportion of inhabitants being unemployed, ${PM}_{2.5}$, and ${NO}_{2}$) in relation to filled prescriptions for AHT was investigated by plotting the exposure--response function using smoothed splines with 4 degrees of freedom ([@c23]; [@c61]). We observed no deviation from linearity for the continuous variables (see Figure S1).

We also tested the proportional hazards assumption of the Cox models by a correlation test between the scaled Schoenfeld residuals and the rank order of event time. Sex and smoking status violated the proportional hazards assumption; therefore, the final models were conducted with these variables as strata.

The analyses were performed using the procedure PHREG in SAS® (version 9.4; SAS Institute Inc.) and the pspline function of coxph for the smoothed spline predictions in the statistical software R (version 3.2.3; R Development Core Team).

Results {#s3}
=======

Of the 57,053 participants from the Diet, Cancer and Health cohort, we excluded 574 participants with a cancer diagnosis before baseline, 9,113 participants who filled prescriptions for AHT before the start of follow-up (1 July 1997), 683 participants with diabetes according to the NDR before 1 July 1997, 5,334 participants with any CVD before 1 July 1997, 48 participants with missing exposure information, 158 participants who died before 1 July 1997, 11 participants who emigrated before 1 July 1997, and 2,121 participants with missing information on covariates, leaving a total of 39,011 participants in the final study population (see Figure S2). Of the eligible 39,011 participants, 21,241 (54.4%) redeemed AHT according to our case definition during a median follow-up of 14.0 y, and 18,535 (47.5%) redeemed AHT excluding diuretics.

Participants exposed to high levels of road traffic noise at the most exposed façade \[$> 60$ dB(A)\] at the start of the follow-up were more likely to have a basic education, to have a lower disposable income, to live alone, to be current smokers, and to report lower consumption of fruit and vegetables, and they were less likely to be male and participate in sports compared with those exposed to $\leq 55$ dB(A) ([Table 1](#t1){ref-type="table"}). The distribution of road traffic noise at the most and least exposed façades is presented in Figure S3. The distribution of road traffic noise at the most exposed façade was somewhat positively skewed, whereas road traffic noise at the least exposed façade was relatively normally distributed. A correlation matrix of road traffic noise and air pollution at baseline is presented in Table S1. The correlation ($R_{\text{Spearman}}$) between road traffic noise at the most and least exposed façades was 0.45 at baseline. We observed stronger correlations of air pollution with road traffic noise at the most exposed façade than with road traffic noise at the least exposed façade.

###### 

Characteristics of the study population according to road traffic noise exposure at the most exposed façade at baseline.

Table 1 has 5 columns, listing variables, Total cohort, (n equals 39,011), L subscript den road less than or equal to 55 decibels (n equals 20,076), L subscript den road 56 to 60 decibels (n equals 8,569), and L subscript den road greater than 60 decibels (n equals 10,366).

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Variable                                                      Total cohort\    $L_{\text{den}}$ $\text{road} \leq 55\text{ dB}$ ($n = 20,076$)   $L_{\text{den}}$ road 56--60 dB ($n = 8,569$)   $L_{\text{den}}$ $\text{road} > 60\text{ dB}$ ($n = 10,366$)
                                                                ($n = 39,011$)                                                                                                                     
  ------------------------------------------------------------- ---------------- ----------------------------------------------------------------- ----------------------------------------------- --------------------------------------------------------------
  Males (%)                                                     47.4             48.7                                                              46.5                                            45.8

  Age at baseline (y)                                           57.6 (4.4)       57.4 (4.3)                                                        57.7 (4.4)                                      57.9 (4.6)

  Follow-up time (y)                                            13.1 (6.3)       13.2 (6.3)                                                        13.0 (6.3)                                      12.9 (6.3)

  Education (%)                                                                                                                                                                                    

   Basic                                                        26.1             23.3                                                              27.8                                            30.1

   Vocational/medium                                            44.8             45.0                                                              44.4                                            44.7

   Higher                                                       29.1             31.7                                                              27.8                                            25.3

  Household income (%)                                                                                                                                                                             

   First tertile                                                18.4             14.5                                                              20.1                                            24.5

   Second tertile                                               30.0             28.6                                                              30.8                                            32.2

   Third tertile                                                51.6             56.9                                                              49.1                                            43.3

  Cohabiting (%)                                                72.0             76.7                                                              70.0                                            65.5

  Area-level socioeconomic status                                                                                                                                                                  

   Proportion of basic education                                23.9 (7.6)       23.4 (7.4)                                                        24.9 (7.8)                                      24.2 (7.9)

   Proportion of low income                                     11.2 (6.8)       10.0 (6.1)                                                        11.8 (7.0)                                      12.9 (7.3)

   Proportion of unemployed                                     6.1 (2.3)        5.7 (1.9)                                                         6.3 (2.6)                                       6.7 (2.6)

  Smoking status (%)                                                                                                                                                                               

   Never                                                        36.7             38.6                                                              36.4                                            33.3

   Former                                                       27.5             28.7                                                              27.1                                            25.7

   Current                                                      35.8             32.7                                                              36.5                                            41.0

    Smoking duration (y)[^*a*^](#TF2){ref-type="table-fn"}      28.9 (12.1)      28.1 (12.3)                                                       29.2 (12.1)                                     30.0 (11.7)

    Smoking intensity (g/d)[^*a*^](#TF2){ref-type="table-fn"}   17.4 (10.5)      17.1 (10.3)                                                       17.5 (10.4)                                     17.8 (10.8)

  Alcohol intake (g/d)                                          20.8 (21.2)      20.5 (20.1)                                                       20.9 (21.3)                                     21.3 (22.9)

  Alcohol abstainers (%)                                        1.9              1.7                                                               2.1                                             2.0

  Fruit intake (g/d)                                            210 (162)        211 (158)                                                         211 (166)                                       208 (168)

  Vegetables intake (g/d)                                       180 (102)        183 (100)                                                         177 (101)                                       176 (106)

  BMI (${kg}/m^{2}$)                                            25.6 (3.8)       25.6 (3.7)                                                        25.7 (3.8)                                      25.8 (4.0)

  Sports during leisure time                                                                                                                                                                       

   Yes (%)                                                      56.6             59.1                                                              56.1                                            52.1

   Hours among active/week                                      2.4 (2.3)        2.4 (2.3)                                                         2.4 (2.2)                                       2.4 (2.4)

  Road traffic noise                                                                                                                                                                               

   At most exposed façade \[$L_{\text{den}}$ (dB)\]             56.1 (7.5)       50.2 (4.1)                                                        58.5 (1.4)                                      65.7 (3.7)

   At least exposed façade \[$L_{\text{den}}$ (dB)\]            47.9 (5.7)       45.8 (4.6)                                                        50.1 (5.3)                                      50.1 (6.4)

  Air pollution                                                                                                                                                                                    

   ${PM}_{2.5}$ ($\mu g/m^{3}$)                                 22.0 (2.1)       21.2 (0.9)                                                        21.7 (1.1)                                      23.8 (3.1)

   ${NO}_{2}$ ($\mu g/m^{3}$)                                   30.8 (8.0)       27.1 (4.4)                                                        31.0 (5.3)                                      37.8 (10.2)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Note: Values are means (standard deviation) for continuous variables and percentage for categorical variables. BMI, body mass index; CI, confidence interval; $L_{\text{den}}$, indicator of overall noise levels during day, evening, and night; ${NO}_{2}$, nitrogen dioxide; ${PM}_{2.5}$, particulate matter with an aerodynamic diameter of $\leq 2.5\;\mu m$.

Among current and former smokers.

[Table 2](#t2){ref-type="table"} presents the associations between time-weighted average exposure (1, 5, and 10 y) to road traffic at the most and least exposed façades and filled prescriptions for AHT. We observed a 3.7% higher risk of filled prescriptions for AHT per 10-dB(A) higher road traffic noise at the most exposed façade and a 3.1% higher risk at the least exposed façade in the crude Model 1a \[$\text{IRR} = 1.037$ (95% CI: 1.018, 1.057) and $\text{IRR} = 1.031$ (95% CI: 1.007, 1.055), for 10-y mean exposure, respectively). However, following adjustment for socioeconomic status and lifestyle confounders (Model 1c), the association between road traffic noise at the most and least exposed façades and filled prescriptions for AHT were no longer apparent \[$\text{IRR} = 0.999$ (95% CI: 0.980, 1.019) and $\text{IRR} = 1.001$ (95% CI: 0.977, 1.026), for 10-y mean exposure, respectively\]. Similar results were observed when using a case definition with higher specificity toward hypertensive indications (disregarding prescriptions for diuretics, $n = 18,535$) (see Table S2).

###### 

Associations between residential exposure to traffic noise (per 10 dB) and filled prescriptions for antihypertensive medication.

Table 2 has 5 main columns, listing exposures to road traffic noise (per 10 decibels), cases, Model 1a Crude, Model 1b, and Model 1c. The columns listing Model 1a Crude, Model 1b, and Model 1c each list I R R (95 percent C I).

  Exposure to road traffic noise (per 10 dB)   Cases (*n*)   Model 1a[^*a*^](#TF4){ref-type="table-fn"} Crude   Model 1b[^*b*^](#TF5){ref-type="table-fn"}   Model 1c[^*c*^](#TF6){ref-type="table-fn"}
  -------------------------------------------- ------------- -------------------------------------------------- -------------------------------------------- --------------------------------------------
  Most exposed façade                                                                                                                                        
   1-y preceding filled prescription           21,241        1.028 (1.009, 1.047)                               1.005 (0.986, 1.023)                         0.998 (0.980, 1.017)
   5-y preceding filled prescription           21,241        1.031 (1.012, 1.050)                               1.006 (0.987, 1.025)                         0.998 (0.979, 1.017)
   10-y preceding filled prescription          21,241        1.037 (1.018, 1.057)                               1.008 (0.989, 1.028)                         0.999 (0.980, 1.019)
  Least exposed façade                                                                                                                                       
   1-y preceding filled prescription           21,241        1.027 (1.004, 1.051)                               1.005 (0.982, 1.028)                         1.003 (0.980, 1.026)
   5-y preceding filled prescription           21,241        1.028 (1.004, 1.051)                               1.003 (0.980, 1.027)                         1.001 (0.977, 1.025)
   10-y preceding filled prescription          21,241        1.031 (1.007, 1.055)                               1.004 (0.980, 1.029)                         1.001 (0.977, 1.026)

Note: BMI, body mass index; CI, confidence interval; IRR, incidence rate ratio.

Sex and calendar year.

As Model 1a and further adjusted for level of education, disposable income, cohabitation, area-level proportion of inhabitants with low income, basic education, and unemployment.

As Model 1b and further adjusted for smoking status, smoking duration, smoking intensity, alcohol intake, abstainers, sport during leisure time (yes/no), sport (hours/week), vegetable intake, and fruit intake.

Inclusion of exposure to ${PM}_{2.5}$ in the fully adjusted Model 1c resulted in risk estimates slightly $> 1$ for filled prescriptions for AHT in relation to 10-y mean road traffic noise at the most exposed façade \[$\text{IRR} = 1.037$ (95% CI: 1.015, 1.060)\], and at the least exposed façade \[$\text{IRR} = 1.014$ (0.990, 1.039)\], whereas inclusion of exposure to ${NO}_{2}$ gave risk estimates around unity (see Table S3).

[Figure 1](#f1){ref-type="fig"} illustrates the IRRs for eight exposure categories at the most and least exposed façades in comparison with reference groups of $< 52$ dB(A) and $< 45$ dB(A), respectively. We observed no consistent exposure--response relationship between increasing exposure to road traffic noise at the most or least exposed façades and filled prescriptions for AHT ([Figure 1](#f1){ref-type="fig"}).

![Association between 10-y mean exposure to road traffic noise ($L_{\text{den}}$) at the (A) most exposed and (B) least exposed façades of the residence and filled prescriptions for antihypertensive medication. Adjusted for sex, calendar year, level of education, disposable income, cohabitation, area-level proportion of low income, basic education and unemployment, smoking status, smoking duration, smoking intensity, alcohol intake, abstainers, sport during leisure time (yes/no), sport (hours/week), vegetable intake, and fruit intake. See Table S4 and S5 for corresponding numeric data.](ehp6273_f1){#f1}

[Table 3](#t3){ref-type="table"} shows the association between combinations of exposure to road traffic noise at the most exposed façade and exposure at the least exposed façade in relation to risk of filled prescriptions for AHT. The results showed rather similar IRRs for any combination of noise levels at the most and least exposed façades. The association for the combination of the highest exposure to both façades was $\text{IRR} = 1.045$ (95% CI: 0.976, 1.119).

###### 

Associations between categories of combined exposure to road traffic noise at the most exposed façade and the least exposed façade ($L_{\text{den}}$) at the residence (10-y mean) and risk of filled prescriptions for antihypertensive medication. {*N* cases \[IRR (95% CI)\].}

Table 3 shows associations {N cases \[I R R (95% C I)\]} of exposure to road traffic noise at the most exposed façade (across) and least exposed façade (down).

  Least exposed façade            Most exposed façade                                               
  ------------------------------- -------------------------------- -------------------------------- --------------------------------
  $L_{\text{den}}$ $< 45$ dB(A)   3,736 \[1.000 (ref)\]            2,453 \[0.971 (0.922, 1.023)\]   579 \[0.989 (0.901, 1.085)\]
  $L_{\text{den}}$ 45--51 dB(A)   2,891 \[0.952 (0.906, 1.000)\]   4,452 \[0.980 (0.939, 1.022)\]   880 \[0.969 (0.901, 1.041)\]
  $L_{\text{den}}$ $> 51$ dB(A)   54 \[0.924 (0.684, 1.249)\]      4,566 \[0.968 (0.927, 1.011)\]   1,043 \[1.045 (0.976, 1.119)\]

Note: Model was adjusted for sex, calendar year, level of education, disposable income, cohabitation, area-level proportion of low income, low education and unemployment, smoking status, smoking duration, smoking intensity, alcohol intake, abstainers, sport during leisure time (yes/no), sport (hours/week), vegetable intake, and fruit intake. CI, confidence interval; IRR, incidence rate ratio; $L_{\text{den}}$, indicator of overall noise levels during day, evening, and night.

Associations between road traffic noise at the most exposed façade and filled prescriptions for AHT was not modified by sex, age, educational level, smoking status, BMI, or calendar year ([Table 4](#t4){ref-type="table"}). However, there were weak indications that the association between exposure at the least exposed façade and filled prescriptions for AHT was slightly stronger among current smokers \[$\text{IRR} = 1.033$ (95% CI: 0.995, 1.073) vs. never smokers $\text{IRR} = 0.997$ (95% CI: 0.958, 1.037) and former smokers $\text{IRR} = 0.963$ (95% CI: 0.921, 1.006), $p_{\text{interaction}} = 0.051$\] and obese individuals \[$\text{IRR} = 1.059$ (95% CI: 1.000, 1.122) vs. normal $\text{IRR} = 0.984$ (95% CI: 0.948, 1.021) and overweight $\text{IRR} = 0.988$ (95% CI: 0.955, 1.023), $p_{\text{interaction}} = 0.077$\] ([Table 4](#t4){ref-type="table"}).

###### 

Effect modification of the associations between 10-y mean road traffic noise \[per 10 dB(a)\] and filled prescriptions for antihypertensive medication.

Table 4 has 4 main columns, listing covariates, cases (n), Most exposed façades, and Least exposed façades. The columns listing Most exposed façades, and Least exposed façades, each has 2 subcolumns, listing I RRs (95 percent C I) and p-interactions.

  Covariates                                     Cases (*n*)   Most exposed façade    Least exposed façade                          
  ---------------------------------------------- ------------- ---------------------- ---------------------- ---------------------- -------
  Sex                                                                                 0.198                                         0.204
   Males                                         10,425        1.012 (0.985, 1.040)                          1.017 (0.983, 1.051)   
   Females                                       10,816        0.987 (0.961, 1.014)                          0.987 (0.955, 1.020)   
  Age (y)                                                                             0.354                                         0.193
   $< 65$                                        7,606         1.011 (0.980, 1.044)                          0.980 (0.941, 1.021)   
   $\geq 65$                                     13,635        0.993 (0.969, 1.017)                          1.013 (0.983, 1.043)   
  Education                                                                           0.465                                         0.163
   Basic                                         6,001         1.008 (0.973, 1.045)                          1.032 (0.989, 1.078)   
   Vocational                                    9,784         1.006 (0.978, 1.034)                          0.998 (0.964, 1.033)   
   Higher                                        5,456         0.980 (0.944, 1.017)                          0.972 (0.928, 1.019)   
  Smoking status                                                                      0.903                                         0.051
   Never                                         7,325         1.000 (0.968, 1.033)                          0.997 (0.958, 1.037)   
   Former                                        5,828         0.993 (0.958, 1.030)                          0.963 (0.921, 1.006)   
   Current                                       8,088         1.004 (0.974, 1.036)                          1.033 (0.995, 1.073)   
  BMI (${kg}/m^{2}$)                                                                  0.374                                         0.077
   Normal and underweight ($< 25\,{kg}/m^{2}$)   8,346         1.002 (0.972, 1.033)                          0.984 (0.948, 1.021)   
   Overweight ($25–30\,{kg}/m^{2}$)              9,525         0.976 (0.949, 1.004)                          0.988 (0.955, 1.023)   
   Obese ($\geq 30\,{kg}/m^{2}$)                 3,370         1.004 (0.957, 1.053)                          1.059 (1.000, 1.122)   
  Calendar year                                                                       0.753                                         0.902
   Before 2005                                   8,168         0.996 (0.966, 1.027)                          1.003 (0.965, 1.043)   
   After 2005                                    13,073        1.002 (0.978, 1.027)                          1.000 (0.971, 1.030)   

Note: Model was adjusted for sex, calendar year, level of education, disposable income, cohabitation, area-level proportion of low income, basic education and unemployment, smoking status, smoking duration, smoking intensity, alcohol intake, abstainers, sport during leisure time (yes/no), sport (hours/week), vegetable intake, and fruit intake. BMI, body mass index; CI, confidence interval; IRR, incidence rate ratio.

Discussion {#s4}
==========

We found no association between long-term exposure to road traffic noise at the most or least exposed façade and filled prescriptions for AHT in this large Danish cohort study. We observed no indication of an exposure--response relationship, nor was the association between road traffic noise at the most exposed façade and filled prescriptions for AHT modified by sex, education level, smoking status, BMI, or calendar year. There was slight indication of a stronger association between road traffic noise at the least exposed façade and filled prescriptions for AHT among current smokers and obese individuals.

The present study has several strengths: large study size, complete address histories, extensive follow-up time, detailed road traffic noise modeling, the ability to calculate noise exposure history from 1987 until end of follow-up for each participant, assessment of three exposure time windows, adjustment for various area-level socioeconomic indicators and lifestyle confounders, and the large number of cases identified through a nationwide register with high validity ([@c36]). Another notable strength of the present study is inclusion of exposure at both the most and least exposed façades. Denmark has universal free health care and medication costs are heavily subsidized, limiting the potential for bias. In addition, the adjustment for air pollution, which is correlated with road traffic noise, is a strength. We adjusted for two indicators of ambient air pollution: ${PM}_{2.5}$, which has been consistently associated with CVD ([@c8]), and ${NO}_{2}$, which is a well-recognized surrogate for a mix of traffic-related air pollutants ([@c55]).

Some limitations deserve mention. Using filled prescriptions for AHT as a proxy for hypertension results in a reduction of outcome sensitivity because we only capture diagnosed hypertension. In Denmark, around 30% of individuals with hypertension are unaware of this condition ([@c38]). However, as people age, this figure likely decreases as contact with the health care system becomes more frequent. In addition, physicians are cognizant of the risks hypertension poses to cardiovascular health and are vigilant in identifying and controlling hypertension. Filled prescriptions for AHT as a proxy for hypertension likely yields high specificity given that this represents the end point of multiple blood pressure measurements by medical staff and clinical examinations by physicians ([@c49]). Using filled prescriptions for AHT as a proxy is more accurate than single measurements of blood pressure (which can be biased by transient increases) or self-reported hypertension (which is prone to recall bias): both outcome measures have been frequently used in previous cross-sectional studies ([@c58]). In addition, although we tried to improve specificity by requiring more than 180 DDDs and more than two prescriptions within a year, some of the persons recorded as cases in the present study may have used AHT for other conditions. To further investigate the risk of such outcome misclassification, we excluded diuretics from our case definition in a sensitivity analysis because these drugs have a variety of indications unrelated to hypertension. We observed similar results for the more restrictive case definition as for the main case definition, suggesting that low specificity is unlikely to explain the lack of association between road traffic noise and redemption of AHT.

Some degree of exposure misclassification is unavoidable given that the modeled exposures, although of high quality, are only surrogates for the true individual exposures. In addition, we did not account for bedroom location, time spent at work (with potential occupational exposure) or holiday home, window-opening habits, individual noise insulation initiatives, hearing impairment, or other coping strategies. Furthermore, disentangling the effects of daytime and nighttime noise exposure remains challenging for most epidemiological studies given that the correlation between daytime and nighttime noise is close to one ([@c25]; [@c26]; [@c57]), which is also the case for the present study. However, road traffic noise at the least exposed façade is likely to represent the outdoor exposure at the bedroom given that people normally prefer to sleep in a quiet room and, thus, is closer to the actual nighttime exposure. Such exposure misclassification would likely be nondifferential with regard to case status and would hence drive the risk estimates toward the null, and we cannot rule out that this may have masked associations in our data.

Last, we cannot rule out residual confounding because we did not query participants on sleep quality nor did we assess variables such as mental stress, social isolation, or job strain. However, we adjusted for many important risk factors for hypertension and, therefore, residual confounding likely played a minor role in the present study.

Despite a growing body of literature regarding traffic noise and hypertension, it remains difficult to draw conclusions regarding causality because the majority of studies are of cross-sectional design ([@c65]). In general, cross-sectional studies have found associations for road traffic noise and prevalent hypertension ([@c5]; [@c29]; [@c65]; [@c40]; [@c10]; [@c64]), although not consistently ([@c37]), whereas cohort studies investigating incident hypertension found no associations ([@c14]; [@c50]; [@c56]). Our findings are in line with Swedish and British cohort studies that also reported no association between road traffic noise and incident hypertension, identified using combinations of measured blood pressure, self-reported hypertension or medication use, and hospital records ([@c14]; [@c50]). In a meta-analysis of seven European cohorts, Fuks et al. ([@c21]) found that road traffic noise was weakly associated with the incidence of self-reported hypertension as well as with self-reported intake of blood pressure--lowering medication and that this association seemed to be attenuated by adjustment for ${PM}_{2.5}$. Road traffic noise and air pollution are correlated, reflecting that road traffic is a source of both exposures, and such collinearity of predictors can result in unreliable and unstable estimates of regression coefficients ([@c67]). For example, including 10-y mean exposure to ${PM}_{2.5}$ resulted in a change in the risk estimate for 10-y exposure to road traffic noise at the most exposed façade from 0.999 to 1.037. It is difficult to biologically explain how adjustment for air pollution could unmask such an association; therefore, issues related to the noise--air pollution collinearity are more likely. Thus, it is important that similar studies calculate estimates both before and after mutual adjustment for noise--air pollution to limit misinterpretation of the results.

Our study provided weak indications that some subpopulations may be more susceptible to the effects of road traffic noise in relation to filled prescriptions for AHT. We found indications of associations between noise at the least exposed façade and risk of filled prescriptions for AHT among smokers and obese individuals. These are all risk factors for developing hypertension ([@c24]; [@c59]; [@c70]), and it could suggest that these participants constitute a more susceptible population with regard to cardiovascular effects of exposure to road traffic noise. Effects of noise exposure on sleep duration and sleep fragmentation are believed to be important on the pathway from exposure to CVD ([@c45]). Both sleep fragmentation and reduced sleep duration have been associated with endothelial dysfunction, decreased arterial compliance, atherosclerotic alterations, and hypertension ([@c47]; [@c51]; [@c71]). Because people often choose to have their bedroom away from a noisy road, exposure at the least exposed façade could potentially be more relevant in relation to risk of hypertension than exposure at the most exposed façade, through the disturbance of sleep.

The lack of association between road traffic noise and AHT in our study is in contrast to results from experimental studies with exposure to transportation noise in controlled settings, which rather consistently finds exposure to transportation noise to result in increased blood pressure, arterial stiffness, and endothelial dysfunction ([@c20]; [@c52], [@c53]). One explanation for this discrepancy might be that participants exposed to noise during a longer time habituate; thus, it is possible that the physiological reactions observed in experimental studies are higher during the first nights compared with later ones ([@c7]). However, other studies have shown that habituation is not complete given that individuals continue to react after several years of noise exposure and that risk increases with exposure duration ([@c6]). In addition, epidemiological studies have consistently shown that road traffic noise results in a higher risk of myocardial infarction and potentially other CVDs for which hypertension is a principal risk factor ([@c65]). Therefore, we cannot rule out that filled prescriptions for AHT may be a relatively imprecise proxy for hypertension and that actual measurements of systolic and diastolic blood pressure are necessary to measure an effect of noise on hypertension.

With regard to generalizability, the Diet, Cancer and Health cohort response was 35%, and participants were more often older, female, and had higher socioeconomic status and a lower mortality rate compared with nonparticipants ([@c39]; [@c62]). Moreover, participants were recruited from two urban areas of Denmark, Copenhagen and Aarhus, where road traffic noise exposure is larger compared with other parts of Denmark. If nonparticipation was related to higher levels of road traffic noise and simultaneously to poorer health compared with participants, we may have underestimated the true effect in the source population. Although these differences may limit the generalizability of our findings to the entire Danish population, they are unlikely to have affected their internal validity.

In conclusion, we found no overall association between long-term exposure to road traffic noise and filled prescriptions for AHT. However, our results provided a weak indication that road traffic noise at the quiet side of the residence may increase risk among smokers and obese individuals.
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